As a system for study, the isolated human polymorphonuclear leukocyte combines the advantages of a quasi-non-invasive preparation with a nearly complete complement of enzymes of carbohydrate and energy metabolism. However, small sample volumes and, in some cases, very low enzyme activities make high demands on sample processing, storage, and performance of continuous measurements, if the enzyme activities are to be measured with acceptable reproducibility. In the presented study several aspects of homogenization, storage, and continuous measurement were scrutinized, to identify critical steps and consider ways of optimizing the method. Polymorphonuclear leukocytes were separated from the blood of healthy subjects by sedimentation and density gradient centrifugation. After ultrasonic homogenization, 13 enzymes of glycolysis and gluconeogenesis, the tricarboxylic acid cycle, and glycogen metabolism were determined photometrically. The variation of several conditions showed: 1. The duration of exposure to ultrasound for the homogenization of polymorphonuclear leukocytes has no influence over a wide range of time.
Introduction
r . u * L · r i_ ^ i u i of the metabolism of the human polymorphonuclear Together with the systematic development of methods leukocyte has found wide application in theoretical for the rapid and reliable separation of the subclasses and clinical research. A distinction must be drawn of white blood cells from whole blood (1) , the study between the investigation of cell function and metab-Fauth el al.: Measurement of enzyme activities in the human granulocyte olism of intact polymorphonuclear leukocytes and studies on homogenized cells. In particular, the measurement of metabolite concentrations and enzyme activities in leukocyte homogenates is used in the investigation of metabolism and in the differentiation of pathological white blood cells (2 -5) .
A great number of studies take advantage of the fact that the polymorphonuclear leukocyte has a complete complement of the enzymes involved in the main metabolic pathways of the cell (6) . The short life time of the polymorphonuclear leukocytes of 9 -14 days (7) ensures a rapid adaption to changing metabolic conditions. Therefore, the polymorphonuclear leukocytes can be used as an easily accessible cellular model, which, to a certain extent, reflects alterations in the whole organism. For example, alterations of the maximal rates of substrate turnover of enzymes of carbohydrate metabolism measured in the homogenate of polymorphonuclear leukocytes separated from traumatized patients can be interpreted in the sense of well known metabolic adaptions of the posttraumatic period (8) . Typical changes of enzyme activities have also been described for polymorphonuclear leukocytes of uraemic patients (9, 10) and for infants that are small for their gestational age (11) .
Measurement of the enzyme activities of homogenized polymorphonuclear leukocytes involves specific problems, which must be critically resolved, if the method is to be applied in clinical studies.
Inevitably, in all investigations using isolated polymorphonuclear leukocytes, the volume of tissue available is very small compared with tissue samples obtained bioptically. Even with optimized separation methodology, the yield of polymorphonuclear leukocytes is about 25% of the total polymorphonuclear leukocyte content of the blood sample, corresponding to 0.5 to 5 ml suspension with a protein content of about 1 g/1 from 20ml blood (all count 20 χ 10 9 /1).
Measurement of the activities of a large number of enzymes in a sample with a relatively low content of protein means that the measured activities are low. Since the sample activities are related to a fix quantity, e. g. the protein or DNA content, inaccuracies of the measurement are aggravated by possibly unrepresentative splitting of the cell suspension for the additional analyses.
The aim of this study is the presentation of a procedure for the measurement of 13 enzymes of carbohydrate and energy metabolism in isolated and homogenized polymorphonuclear leukocytes. In particular, the application of standard methods for cell processing and enzyme measurement to the human granulocyte are analysed critically, because there is no literature dealing with the systematic investigation of this cell. In detail, an examination of the following topics seems to be essential:
1. The error caused by splitting the polymorphonuclear leukocyte suspension for the determination of reference substance concentration (protein or DNA);
2. The influence of the technique of ultrasonic homogenization of the suspension on the detectable enzyme activities;
3. The influence of the milieu during homogenization;
4. The stability of the homogenate in the period between thawing and photometry;
5. The reproducibility of the photometric enzyme measurements, as well as the reproducibility of the overall method including separation, homogenization, storage, and enzyme measurement.
Optimization of all conditions should result in improved reproducibility of the measured activities, which ultimately means a better statistical differentiation in studies using this model.
Methods
All studies were performed using polymorphonuclear leukocyte suspensions isolated from 20 to 40 ml of blood from healthy donors.
Enzymes
Unless stated otherwise, the methodical investigations were performed on the following enzymes toiase, phosphorylase a, hexokinase, pyruvate kinase, adenylate kinasc, fructose-1,6-diphosphatase, fructose-di-phosphate aldolase, citrate synthase (cf. fig. 1 ).
Isolation of polymorphonuclear leukocytes
The isolation of polymorphonuclear leukocytes is based on the principle of accelerated erythrocyte sedimentation and density gradient centrifugation, developed by B yum and modified by MetcoffSi Distler (1, 12) . The blood sample, anticoagulaled by heparin, is mixed with dextran to accelerate the agglomeration and sedimentation of erythrocytes. Sedimentation is followed by the separation of polymorphonuclear leukocytes by centrifugation of the leukocyte-rich plasma ( /1 by addition of KC1 0.14 mol/1. The purity of the polymorphonuclear leukocyte preparation regularly amounts to 95%. Vitality was checked by dye exclusion (trypan blue 50 g/1 in potassium phosphate buffer 0.1 mol/1) and ranged between 85 and 97%. When required, a sample was taken before further processing of the suspension for the determination of protein content according to Lowry et al. (13) . All procedures were performed using ice cold solutions and cooling centrifuges (2-4°C); room cooling was not considered to be necessary. The final suspensions were mixed 1 + 1 with different buffers and homogenized on ice by ultrasound. After centrifugation (6000 #, 10 min) the supernatant was used for further analysis.
Homogenization medium Four buffers were tested. To a glycerol containing buffer (standard buffer, 'buffer ST'; glycerol 1350, glycyl-glycine 100, EDTA-Na 2 1, NADH-Na 2 0.05 mmoi/l, bovine serum albumin 0.2 g/1), dithiothreitol (4 mmol/1, * buffer DTP), Triton X-100 (1 mmol/1, 'buffer TX') or deoxycholic acid (5 mmol/1, 'buffer DOC') was added. The preparation was split into twelve parts, which were homogenized separately using the 4 different buffers. As only the comparison of the homogenizing medium was of interest, the determination of the protein content of the 12 different suspensions was dispensed with.
Ultrasonic homogenization
All samples were homogenized ultrasonically (Labsonic, Fa. Braun) on ice, with a power of 50 W. To determine the optimal time for sonication, 5 samples (buffer ST) were divided into 750 μΐ each and sonicated for 10, 20, 30, 40, 50 , and 60 seconds. For testing the homogenizing medium, the standardized sonication time was 1 minute per 1 ml homogenale.
Measurement of enzyme kinetics
The maximal rale of substrate turnover of the selected enzymes was measured in the homogenate at 30 °C using new or modified assays (s. tab. 1). All catalytic activity concentrations are expressed in U/l, one U corresponding to 1 μπιοί substrate turnover per minute.
Methods were modified with a view to standardizing all the methods as far as possible. Thus, Tris buffer was used, except for the measurement of phosphorylase a (14) , retaining the pH and concentration as described. kinase, the NADH concentration was reduced to a maximum of 0.35 mmol/l, to use the range of high signal-to-noise ratio of the photometer. Concentrations of substrates and cosubstrates were increased, attaining linearity for at least 4 minutes (adenylate kinase: AMP 1.8 mmol/l; glucose-6-phosphate dehydrogenase: NADP 1 mmol/l; hexokinase: glucose 5 mmol/l, NADP 1 mmol/l; lipoamide dehydrogenase: lipoamide 1.5 mmol/l). An optimization of pH was dispensed with.
Determination of the precision of the method
The reproducibility of the continuous photometric measurements was determined by 24 measurements of one homogenate using a multi-channel photometer (Biotec EL 340) and microplates (Costar #3590). For two enzymes, additionally 20 aiiquots were taken from the suspension, homogenized separately and measured simultaneously with the homogenate of the remaining suspension. To determine the overall reproducibility of the method, 8 blood samples were taken from one healthy subject at the same time, and these were processed and measured simultaneously (buffer ST). 
Results
We found differences in the activities of all enzymes, depending on the buffer used for the homogenization. Table 2 summarizes the mean activities of 12 samples; figure 2 shows the proportional deviation from the activity in buffer ST, when buffer DTT, TX, and DOC was used. Large interindividual differences associated with the presence of the additives are evident. Addition of the detergents, Triton X-100 and deoxycholic acid, and the SH-group protecting dithiothreitol, re- suited in an increase of activity only in a minority of the assays. In particular, Triton inhibited most of the studied enzymes.
Tab. 2. Enzyme activities in polymorphonuclear leukocyte homogenate in dependence on the used buffer (ST: standard buffer, DTT: containing dithiothreitol, 2 mmol/l; TX: containing Triton X-100, \ mmol/l; DOC: containing deoxycholate, 5 mmol/l. All activities in U/l = 1 μπιοΐ/min · 1 (n = 12). The duration of exposure to ultrasound had no influence on the activities of hexokinase, adenylate kinase, fructose-di-phosphate aldolase, glucose-6-phosphate dehydrogenase, and malate dehydrogenase. The values for hexokinase suggest a slight, non-significant decrease in activity with increasing sonication time ( fig. 3) . The precision of the photometric activity measurement, expressed as the coefficient of variation (CV), was below 15% for all enzymes, and below 10% when fructose-1,6-diphosphatase, phosphorylase a and transketolase are excluded (tab. 3). It is higher with decreasing absolute activity of the enzyme ( fig. 5 ).
Precision is considerably lower when a sample is divided into parts before sonication. Under these conditions Caliquotation'), the CV was 25.5% and 16.5%
for hexokinase and citrate synthase, respectively, compared with 9.9% and 3.9% when determined by multiple analysis of one homogenate ( fig. 6 ).
As expected, the precision of enzyme activities related to the protein content was considerably lower (CV 8.3 -15.4%) when enzyme activities were determined in separately prepared samples of polymorphonuclear leukocytes from one patient (tab. 4).
-i
S. 12 - genäse and malate dehydrogenase represent oxidizing steps in the citric acid cycle. By regulating the intracellular energy level by the synthesis of ATP from low energy nucleotides, the enzyme adenylate kinase plays an essential role in the energy homoiostasis of the cell. Deviations in the activity of this enzyme are interpretated as a sign of a disturbed cellular energy metabolism (22) .
Not only enzymes with low in vitro activities are suitable for the evaluation of substrate fluxes in vivo. By appropriate subcellular localization, the presence of membrane boundaries, local differences of concentrations of substrate and cofactors, and allosteric re^· gulation, even enzymes with high maximal flux rates of substrate can catalyse a rate limiting step (23, 24) .
Discussion

Selection of enzymes
Enzymes were selected to represent all the stages of carbohydrate metabolism, including complete oxidation in the citric cycle. For this purpose, enzymes were chosen, which are considered to be rate limiting for the corresponding metabolic pathway (so-called fluxgenerating steps (15)), or which are situated at a prominent place in the flux of metabolites ( fig. 1 ).
Hexokinase and glucose-6-phosphate dehydrogenase are considered to be flux generating for glycolysis and the hexose monophosphate shunt (16) (17) (18) (19) (20) . Glucose-6-phosphate dehydrogenase in particular plays an important role in the polymorphonuclear leukocyte, for the metabolic burst, connected with chemotaxis and phagocytosis, is primarily supplied by this pathway.
In the polymorphonuclear leukocyte glucose metabolism is predominantly anaerobic, and proceeds to lactate (16) . Lactate dehydrogenase is important in all tissues for the recirculation of pyruvate to hepatic gluconeogenesis within the Cori cycle. Beck found a linear correlation between lactate dehydrogenase activity and the rate of glycolysis of the intact cell in both normal and leukaemic leukocytes (2).
Although activity is high, pyruvate kinase correlates closely to the lactate production of the polymorphonuclear leukocytes (21) and is assumed to be rate limiting for glycolysis, too (19).
Fructose di-phosphate aldolase was selected due to its position between the metabolism of the hexoseand triose phosphates in glycolysis, citrate synthase because of its key position between the anerobic part of glycolysis and the citric cycle. Isocitrate dehydro-
Homogenization
According to Andersen et al. (25), a suitable technique for homogenization as well as the determination of reference substance concentration contributes more to the technical limitation of enzyme measurements than the photometric assay itself. An optimal homogenization of a tissue should guarantee a maximal liberation of enzyme protein, together with a reliable preservation of the catalytic activity.
Polymorphonuclear leukocytes are commonly disintegrated manually in glass homogenizers (Potter-Elvehjem) (26, 27) . However, Beutler (28) reported that this method produced insufficient disintegration, and it was necessary to supplement the procedure with the single-or several-fold freezing and thawing of leukocyte suspensions. Read (27) combined glass homogenization with a subsequent sonication. Other authors use the cryotechnique exclusively.
The procedure of cryohomogenization can be used for blood cells as well as subcellular structures. It is based upon the formation of intracellular ice crystals, which can be demonstrated by light and electron microscopy (29) . Usually, two or three (3, 4) , some·t imes four cycles (20) of freezing and thawing are described, sometimes followed by an additional homogenization in the Potter-Ehehjem (11) homogenizer.
Systematic and, above all, comparative studies of different homogenizing techniques are not found in the literature. Bertino (26) found no differences between the activities of glucose-6-phosphate dehydrogenase in leukocytes homogenized by three-fold freezing/thawing, and those prepared by homogenization in a Potter^Elvehjem homogenizfer. In contrast, neuraminidase of polymorphonuclear leukocytes suffers a loss of activity of 50% after four-fold freezing/thawing, compared with in vitro measurements on intact cells (30) . In our studies we found insufficient cell destruction after thawing of cryopreserved polymorphonuclear leukocyte suspensions. Subsequent complete homogenization by ultrasound yielded an homogenate, which exhibited lower activities of most of the enzymes, compared with sonication before freezing the sample. Also the reproducibility of the enzyme kinetics was markedly worse. We interpret this as an inactivation of enzymes by a high intracellular concentration of lysosomal enzymes from destroyed lysosomes, while the outer cell membrane is still preserved. In comparison, sonication guarantees an immediate dilution of all enzymes by a rapid and complete destruction of all structures.
Homogenization of polymorphonuclear leukocytes by sonication has been frequently used in recent years (31) , but a systematic investigation of the optimal sonication time for leukocytes has not hitherto been reported. Our results demonstrate that the duration of sonication, given an appropriate cooling of the sample, is not critical. A sonication power of 50 watt, and developing times between 10 and 60 seconds per 750 μΐ suspension resulted in constant activities for all enzymes ( fig. 3 ). This is attributed to a structurestabilizing effect of the relatively high viscosity of the homogenizing medium on the enzyme proteins.
Homogenizing medium
The variety of proposed media for the homogenization of leukocytes and other tissues is immense. It extends from water without any additions (32) over diverse ionic and anionic buffers to complex compounds and highly viscous buffers. Especially glycerol-containing buffers are frequently used (27, 33) .
Various additives are supposed to increase the proportion of dissolved membrane-bound enzymes and to protect dissolved enzymes against loss of activity during homogenization, storage and measurement. In particular, detergents and SH-group protecting agents are frequently used.
Dithiothreitol was introduced by Cleland (34) as a reagent to protect SH-groups from oxidation to disulphide bonds. It is used for the homogenization of leukocytes (35) and other tissues (36, 37) , and is often also added to the continuous photometric assay. The broad range of the concentrations in use (data between 0.1 mmol/1 (36) and 10 mmol/1 (35) are reported in the literature) suggests that these are chosen rather arbitrarily.
Of the studied enzymes, a significantly positive effect of dithiothreitol (more than 10% increase of activity) on the measured activities could only be demonstrated for lipoamide dehydrogenase (see fig. 2 ). Citrate synthase can only be measured in a dithiothreitol-free medium due to the disulphide group of 5,5'-dithiobis(2-nitrobenzoic acid) (Ellman's reagent (38) ) in the assay. The use of dithiothreitol requires a splitting of the polymorphonuclear leukocyte suspension before homogenization.
Some of the selected enzymes are membrane-bound (malate dehydrogenase, citrate synthase, isocitrate dehydrogenase partially). Detergents reduce the surface tension of membranes and can increase the solubility of membrane-bound enzymes in hydrous solutions (39, 40) , resulting in a higher yield of activity.
Beyond a critical concentration ('critical micellation concentration', CMC) detergents tend to form micelles with membrane fragments and possibly integrated enzyme proteins (41) . This micellation is responsible for the better solubility of the enzymes, but can also prevent detection, when enzyme protein is captured in the micelle or located at the inner surface of the membrane.
We studied one ionic (deoxycholate, CMC =1-2 mmol/1) as well as one non-ionic detergent (Triton X-100, CMC = 0.29 mmol/1 (63, 67)).
The tested concentrations in the homogenate were significantly above the CMC of the substance (5 mmol/1 deoxycholate and 1 mmol/1 Triton X-100, respectively). In the assay the homogenate is diluted between 10-and 40-fold, so that the detergent concentration falls below its CMC, guaranteeing the liberation of the enzymes from the micelles.
Triton is the most frequently cited detergent for homogenization of tissues or measurements of enzyme activities in biological samples. Concentration data range around 1.5 mmol/1 for the homogenization of leukocytes (42, 43) , and 0.75 mmol/1 in the assay for the determination of glycolytic enzymes in lymphocytes (35) . In fact, a positive effect on the detectable activity is only reported by Stossel et al. (43) for acid phosphatase in phagocytic vesicles of the polymorphonuclear leukocytes, while neuraminidase activity in the human leukocyte is decreased to 40% by Triton concentrations between 0.75 and 6.1 mmol/1 (30) .
The use of deoxycholate as an additive to the homogenizing medium for leukocytes is reported for example by Yeh et al. (30) , with concentrations ranging between 2.4 and 9.6. Information about the influence of deoxycholate on the detectable activity is only given by Yeh, who reported that the neuraminidase in leukocyte homogenates was reduced by about 20%.
High concentrations of deoxycholic acid can inactivate a number of membrane-bound enzymes (44) . Coupling of the detergent to the active site of the enzyme is conceivable (39) as well as destruction of the tertiary and quaternary structure of the molecule (45) . In this study, the measured activities differed from those of the same suspension, homogenized without detergent, in an unpredictable manner. In all, a negative effect predominated, and in particular we observed no increase in the activity of membrane bound enzymes. Deoxycholate resulted in a significant inhibition of nearly all enzymes.
In view of these results, it is doubtful whether the addition of the detergents cited above has a positive effect on the measured enzyme activities of polymorphonuclear leukocytes.
Sample splitting
In view of the improvement of activity achieved by homogenization of polymorphonuclear leukocytes (in the case of certain enzymes in the presence of dithiothreitol or detergents) investigators may be led to split the cell suspension and to process the separate parts using different homogenizing media. This involves considerable extra work, and assumes that the aliquotation of the sample does not affect the precision of measurement.
The effect of splitting the polymorphonuclear leukocyte suspension was studied for the measurement of hexokinase and citrate synthase; the resulting imprecision was unacceptably high, compared with a multiple determination from one homogenate (s. fig. 6 ).
However, the sample must be split for the determination of reference substance concentrations, which cannot be measured directly in the final homogenate (e. g. protein and DNA).
Consequently, splitting of the polymorphonuclear leukocyte suspension before homogenization, followed by the use of different buffers for achieving maximal enzyme activities, cannot be recommended. Splitting for the determination of reference values is possible with a smaller error, and in any case cannot be avoided.
Thermal stability
Storage of enzyme-containing samples in liquid nitrogen for months does not result in a loss of activity (46) , provided the time of thawing is sufficiently short (> 20°C/minute (47)). In contrast, storage on ice between thawing and measurement of the enzyme can possibly lead to a loss of enzyme activity. In our laboratory, storage times of up to 15 hours are usual. Our study showed that enzyme activities remain stable over a period of 15 hours after thawing. This agrees with results of Shonk (48) and Gantner (49) for liver and muscle homogenate.
Precision of continuous photometric assays
The precision of an analytical procedure can be determined from consecutive measurements of one sample. In general, the coefficient of variation as a measure of precision is slightly higher for manually performed continuous measurements than for end point assays.
In the clinical area, CV values below 10% are given as state-of-the-art for enzyme measurements (50 In our measurements the precision for the studied enzymes ranged between 4.5% (citrate synthase) and 14.4% (transketolase), with the well known inverse relation between absolute change of absorbance per time and CV ( fig. 5 ).
Precision of the overall method
The CV values for the enzyme activity per mg protein from several blood samples of one subject is about 20 to 100% higher than the CV value for the continuous photometric measurement alone (see tabs. 3 and 4) This means that the overall contribution of separation, homogenization, and protein analysis, including the necessary splitting of the suspension, is equal to or less than the inaccuracy of the continuous measurement alone. Thus, an optimization of the continuous photometric measurement, i. e. maximization of the measurable activity of the enzymes, is the critical factor for further improvement of the overall method. Table 5 indicates the range and interindividual scattering of the enzyme activities in healthy subjects after an overnight fast, determined by the described method.
Tab. 5. Activity of the studied enzymes in polymorphonuclear leukocyte homogenate of healthy subjects (age 35 ± 16 years) after an overnight fast. 
Conclusion
For several reasons, the polymorphonuclear leukocyte is a suitable model for metabolic studies. It is easy to obtain without strain on the subject; in contrast to erythrocytes, it contains all the enzymes of energy metabolism; the influence of insulin on the metabolism of separated polymorphonuclear leukocytes indicates that alterations in the metabolism of polymorphonuclear leukocytes gives at least limited information about the metabolism of the entire organism (18, 51) .
The presented method gives reproducible results for the maximal in vitro rates of substrate turnover of several important enzymes of carbohydrate and energy metabolism of the polymorphonuclear leukocytes.
The continuous photometric determination of enzyme activities can be identified as the main factor affecting the precision of the overall method. However, the activity yields of the enzymes of interest can be optimized only by separate processing of the cell suspension in different homogenizing media. This requires a splitting of the suspension, which leads to considerable inaccuracy, even when mixing is observed thoroughly, and thus should be limited to the inevitable taking of samples for protein or DNA analysis.
The most suitable technique for the homogenization of polymorphonuclear leukocyte suspensions is sonication by ultrasound. When adequate cooling of the sample is observed, the duration of sonication is not critical.
In summary, by paying attention to the described practical aspects of sample processing, enzymes can be measured in the polymorphonuclear leukocyte with a precision that meets the requirements of clinical laboratory tests. The model is therefore sufficiently sensitive for biochemical or clinical trials.
